measurement of the wave field and computationally intensive calculation which is infeasible 26 in most applications, consequently there a need for fast predictors. 27
Here we collate, quality control, and analyse the largest dataset of single-point field 28 measurements from surface following wave buoys to search for predictors of rogue wave 29 occurrence. We find that analysis of the sea state parameters in bulk yields no predictors, as 30 the subset of seas containing rogue waves sits within the set of seas without. However, 31 spectral bandwidth parameters of rogue seas display different probability distributions to 32 normal seas, but these parameters are rarely provided in wave forecasts. When location is 33 accounted for, trends can be identified in the occurrence of rogue waves as a function of the 34 average seas state characteristics at that location. These trends follow a power law 35 relationship with the characteristic sea state parameters: mean significant wave height and 36 mean zero up-crossing wave period. We find that frequency of occurrence of rogue waves 37
and their generating mechanism is not spatially uniform, and each location is likely to have 38 its own unique sensitivities which increase in the coastal seas. We conclude that forecastable 39 predictors of rogue wave occurrence will need to be location specific and reflective of their 40 generation mechanism. Therefore, given location and a sufficiently long historical record of 41 sea state characteristics, the likelihood of occurrence can be obtained for mariners and 42 offshore operators. 43 44
Introduction: 45
Rogue waves are transient surface gravity waves of height much greater than expected for the 46 surrounding sea, and can severely damage ships and offshore structures (Dysthe et al., 2008) . 47
The most common method of categorising a rogue wave from a normal sea is to use a wave 48 or crest height that exceeds a threshold in relation to the significant wave height (Haver, where H max is the zero-crossing wave height, C max is the crest height, and H s is the 53 significant wave height, here estimated as four times the standard deviation of the sea surface 54 elevation from a 20-minute observation period. Therefore, rogue waves are not always 55 extreme waves, just larger than statistically expected. 56
57
There are several competing theories for the physical mechanism explaining the formation 58 of oceanic rogue waves (Forristall, 2005) . First, wave energy concentration through spatio-59 temporal wave focusing due to the dispersive nature of water waves in intermediate and deep 60 water (Draper, 1966; Kharif et al., 2009; Slunyaev et al., 2005) , which is further enhanced 61 by nonlinearities (Longuet-Higgins, 1963; Tayfun, 1980 Tayfun, , 2008 . Second, modulational 62 instability or Benjamin−Feir instability, the generation of spectral-sidebands and eventual 63 breakup of the waveform into pulses through nonlinearity (Benjamin & Feir, 1967) . Taking  64 inspiration from rogue waves in aforementioned non-oceanic media, these nonlinear 65 interactions have been suggested as a cause of oceanic rogue waves (Kharif & Pelinovsky, 66 2003a ). Breather solitons (Akhmediev et al., 1987 ) and the Peregrine soliton (Peregrine, 67 1983) , which "appears from nowhere and disappears without a trace" (Akhmediev et al., 68 2009), have also been suggested as causes (Kibler et al., 2010) that although the most likely spectral bandwidth is similar for rogue and normal seas (Figure  277 5a), the probability of getting rogues increases in seas with a higher bandwidth. The 278 distribution of (Figure 5b ) supports this by indicating rogue waves with an AI>2 are more 279 likely to occur at higher spectral widths, and this would suggest that these rogues are unlikely 280 to be generated by modulational instability. The distribution for the crest height criterion 281 differs from this however, showing higher probability in seas with narrow spectral 282 bandwidth. 283
284
The spectral width parameter is preferred to because depends on the fourth order 285 moment of the spectrum (Eq. 8) and tends to infinity logarithmically with the high-frequency 286 cut-off (Tucker & Pitt, 2001 ). Although also depends on a high frequency cut-off, , the 287 variation is less than 10% for × > 5 (Rye, 1977) . The wave buoys apply a low-pass 288 filter of 1.5 Hz due to geometric attenuation, when the wave wavelength becomes 289 comparable to the buoy dimensions, and the buoy can no longer follow them. Therefore, for 290 Tp > 3.33 s the variation in is less than 10%. 291 292 4b. Average wave shape: 293 Mariners describe the shape of rogue waves as "walls of water" or "holes in the ocean" 294 (Gibbs & Taylor, 2005) , fitting the crest height (Eq. 2) and wave height criteria (Eq. 1), 295 respectively. A rogue crest would appear as a "wall of water" above the mean surface level, 296 and for a height criteria rogue, the ship would fall into a deep preceding trough, far below the 297 mean surface level, appearing as a "hole in the ocean". The buoys store surface elevation 298 continuously, allowing an analysis of the shape of rogue waves ( Figure 6 ). 299 300 When averaged, the waves that exceed the crest elevation criterion (Eq. 2) have an average 301 crest elevation of 1.48, exceeding the 1.25 threshold. This average rogue wave shape has a 302 larger crest and shallower preceding trough than the average shape of the largest 1% of 303 normal waves, as described by Walker et al., (2004) . This differs from the shape seen by 304
Christou & Ewans, (2014), which had deeper troughs and a peak of equal height. 305
However, waves that exceed the wave height criterion (Eq. 1) do not exceed their individual 306 threshold when averaged. This thought to be a consequence of the normalising and averaging, 307 which smooths out the troughs, making them shallower. 308
309
We examine this more closely in Figure 7 , and try to improve the normalisation by 310 normalising by T wave rather than Tp where: 311
Eq. 10 312
Furthermore, we now average the waves by using the median, a more stable average than the 313 mean, as it is less sensitive to outliers, allowing an improved representation of the average 314 shape. With an input AI of >2 (Figure 7a ), the AI of the average wave is 1.9. This is due to 315 troughs not perfectly aligning and becoming smoothed in the median averaging. 316
The trough preceding the peak is deeper than that following. To get an average AI of 2, then 317 AI≥2.136. Increasing the input to AI≥3 the average AI exceeds the input, with AI=3.336. In 318 this case, the trough following the peak is deeper than that preceding. This trend continues 319 with input AI≥4 and AI≥5, with the following trough getting deeper, relative to the preceding 320 trough, and displays increased noise, likely due to the reduction in the number of samples 321 with high AI. A deeper trough following a high crest could result in an experience like falling 322 into a "hole" in the ocean that mariners report. by solely looking at the local conditions as both the locally generated waves, the wind sea, 412 and swell waves from distant storms need to be understood, but this is beyond the scope of 413 our present analysis. In addition, the buoys provide some directionality information through 414 their north and west displacement, which has not been incorporated into this study due to 415 computational constraints. This information could allow the investigation of crossing seas 416 and spreading angle as a rogue wave generation mechanism with the statistical power that 417 this large dataset provides. Again, this is left to a future study. 418
419
The cause of formation of rogue waves differs with location: In the Southern Californian 420
Bight, rogues occur with high spectral bandwidth, and therefore mariners may be able to use 421 this as a statistical predictor. In the Cook Inlet however, this would not yield a suitable 422 warning, as entirely different processes may generate the rogue waves. Therefore, it is 423 unlikely that a predictor can be based on one parameter, and any predictors will need to be 424 region specific. and rarely seem to be due to modulational instabilities. The high rogue wave occurrence in 468 the southern California Bight are likely generated by a complex crossing wave fields, 469 whereas in the semi-enclosed seas in Alaska, tidal currents are likely the main mechanism. 470 Therefore, predictors of rogue wave occurrence will need to be region specific. 471 472 Future work will use machine learning algorithms to search for novel links between sea state 473 characteristics that have not been sought using the traditional analysis of this paper. 474
Furthermore, the directionality data from the buoys will also be analysed to better understand 475 the influence of crossing seas. 
